Haemochorial placentation is a unique physiological process in which the fetal trophoblast cells remodel the maternal decidual spiral arteries to establish the fetoplacental blood supply. Pregnancy-specific glycoproteins (PSGs) are members of the carcinoembryonic antigen family. PSGs are produced by the placenta of rodents and primates and are secreted into the bloodstream. PSG23 is one of 17 members of the murine PSG family (designated PSG16 to PSG32). Previous studies determined that PSGs have immunoregulatory functions due to their ability to modulate macrophage cytokine secretion. Here we show that recombinant PSG23 induces transforming growth factor (TGF) beta 1 , TGFB1, and vascular endothelial growth factor A (VEGFA) in primary murine macrophages and the macrophage cell line RAW 264.7 cells. In addition, we identified new cell types that responded to PSG23 treatment. Dendritic cells, endothelial cells, and trophoblasts, which are involved in maternal vasculature remodeling during pregnancy, secreted TGFB1 and VEGFA in response to PSG23. PSG23 showed crossreactivity with human cells, including human monocytes and the trophoblast cell line, HTR-8/SVneo cells. We analyzed the binding of PSG23 to the tetraspanin CD9, the receptor for PSG17, and found that CD9 is not essential for PSG23 binding and activity in macrophages. Overall these studies show that PSGs can modulate the secretion of important proangiogenic factors, TGFB1 and VEGFA, by different cell types involved in the development of the placenta.
INTRODUCTION
In mammals with haemachorial placentation, pregnancy represents a physiological state in which intimate contact between maternal and fetal tissues must occur. The factors that promote or hamper proper trophoblast invasion of the maternal spiral arteries are still unknown; however, the involvement of the proangiogenic factors transforming growth factor beta (TGFB) [1] and vascular endothelial growth factor (VEGF) [2] have been implicated in the process of proper placental development. Thus, signals responsible for regulating these two molecules during pregnancy warrants further investigation. Pregnancy-specific glycoproteins (PSGs), also referred to as pregnancy-specific b1-glycoprotein (SP1), are among the most abundant fetal proteins, reaching concentrations of 200-400 lg/ml in the serum of pregnant women at term [3] . PSGs are members of the carcinoembryonic antigen (CEA) family of immunoglobulin (Ig)-like genes [4] . PSGs are highly glycosylated, with N-linked glycosylation composing approximately 30% of their molecular mass [4] . Although the exact function of PSGs is still unknown, previous studies have focused on their role as immunomodulators and have defined monocytes/ macrophages as their target cells [5] [6] [7] [8] .
To date, 17 murine Psg genes (Psg16-32) have been identified. PSG protein and mRNA have been detected in trophoblast giant cells and spongiotrophoblasts of the mouse as early as Embryonic Day 6.5 [9] . Murine PSGs consist of a varying number of Ig variable (IgV)-like N-domains and one Ig constant (IgC)-like A-domain [9] . Murine PSGs have a 59%-72% homology in their N-domains, and they likely arose by duplication from a single ancestral mouse Psg gene [9] . Although individual murine PSGs are expressed at different times and levels during pregnancy [9] and may play unique roles in gestation, it is also likely that they have some overlapping functions. Psg23 is one of the most abundantly expressed murine PSGs during midgestation as determined by RT-PCR [10] , but its functions have never been investigated.
Monocytes and macrophages work in numerous processes during pregnancy, including at the sites of fetal trophoblast invasion and migration [11] . Macrophages have been shown to promote angiogenesis in several systems [12, 13] . Wynne et al. [14] recently showed that murine PSG21 is associated predominantly with endothelial cells lining the vascular channels in the decidua. Therefore, we hypothesized that PSGs could promote angiogenesis.
Here we report that murine PSG23 induces TGFB1 and VEGF in monocytes, macrophages, and dendritic cells, immune cells at the implantation site that have been shown to secrete angiogenic factors [11, 15] . In addition, we demonstrate that treatment of endothelial and trophoblast cell lines with PSG23 leads to induction of TGFB1 and VEGF. Our results strongly suggest a new function for PSGs during maternal vasculature remodeling and identify novel targets for PSG activity.
We have previously shown that the tetraspanin CD9 is the receptor for murine PSG17 and PSG19 [16, 17] . Tetraspanins are a family of membrane proteins expressed in most cell types, and many different tetraspanins are coexpressed in the same cell [18] . The data presented here indicates that not all PSGs utilize the same receptor, as expression of CD9 is not required for the PSG23-induced secretion of TGFB1 and VEGF in macrophages. Further studies are required to establish whether human PSGs share these newly described properties and to further dissect the role of the different members of this family in the establishment and maintenance of pregnancy.
MATERIALS AND METHODS

Antibodies
For flow cytometry analysis the following antibodies were used: streptavidin-fluorescein isothiocyanate (FITC), streptavidin-phycoerythrin (PE), and PE Rat IgG2b isotype control (eBioscience, Inc., San Diego, CA); anti-Flag BioM2 (Sigma, St. Louis, MO); and rat anti-mouse IgG1 PE (BD Biosciences, San Jose, CA).
For immunoblotting, the following antibodies were employed: His-probe (H-15, clone sc-803; Santa Cruz Biotechnology, Inc., Santa Cruz, CA), antiFlag M2, and anti-Flag M2 horseradish peroxidase (HRP; Sigma).
Neutralization of TGFB1 was performed by adding the anti-human TGFB1 neutralizing antibody (R & D Systems, Minneapolis, MN), and normal chicken Ig antibody was used as a control (R & D Systems).
Protein Production and Purification
Recombinant murine PSG23N1A-His-Flag (hereafter referred to as PSG23N1A) was synthesized by the GenScript Corporation (Piscatawy, NJ). The cDNA encoding for the leader peptide, N1, and A domains of Psg23, along with the nucleotide sequence for six histidines (63 His) and a Flag tag (Sigma) were inserted into the SmaI site of pUC57 (EZBiolab, Inc., Westfield, IN). Psg23N1A-His-Flag was subcloned into the HindIII and EcoRI sites of the pEAK10CV vector (Edge Biosystems, Gaithersburg, MD) and transfected into dihydrofolate reductase-negative CHO cells, along with the pDCHIP plasmid (obtained from Dr. Kaplan, FDA, MD), which encodes the Dhfr minigene. Positive transformants were obtained by methotrexate selection, propagated, and seeded in a 5-kDa molecular mass cutoff hollow fiber cartridge (FiberCell Systems, Inc., Frederick, MD). The supernatant from the cartridge was harvested daily and kept frozen until it was processed as described below.
PSG23N1A was dialyzed into 20 mM sodium phosphate buffer containing 50 mM imidazole and purified from the harvested supernantant using a HisTrap column on the Ä KTAprime Plus system (GE Healthcare, Piscataway, NJ). Positive fractions eluted from the HisTrap column were identified by immunoblotting, pooled, buffer-exchanged into PBS, applied to an anti-Flag M2 agarose column (Sigma), and eluted with 33 Flag peptide (Sigma). Fractions, which reacted with the anti-Flag monoclonal antibody, were collected, pooled, and buffer-exchanged with PBS. The purified protein was run on an SDS-PAGE gel, stained with GelCode Blue Stain Reagent (Pierce, Rockford, IL), and quantitated against BSA standards.
Recombinant murine PSG17N-myc-His was generated and purified as previously described [19] .
PSGs were determined to be endotoxin-free by the Limulus Amebocyte Lysate assay and its inability to induce tumor necrosis factor a (TNFA) in macrophages by ELISA. Endotoxin has been shown to up-regulate cytokines and growth factors in macrophages [20] ; the absence of endotoxin in the protein preparations further ensures that the cell response is specific to the presence of PSG23N1A.
Cell Lines
All cells were maintained in a 378C humidified incubator with 10% CO 2 .
For protein activity assays we tested RAW 264.7 (American Type Culture Collection [ATCC], Manassas, VA), C166 (ATCC), human invasive trophoblast (HTR-8/SVneo) cells [21] (kind gift from Charles Graham, Queen's University, Kingston, ON, Canada), and a murine trophoblast cell line derived from C57BL/6 3 129 placenta [22] (kind gift from Joan Hunt, University of Kansas Medical Center, Kansas City, KS).
HEK 293T (ATCC) and BHK-21 cells (ATCC) were maintained in Dulbecco modified Eagle medium (DMEM; Gibco, Carlsbad, CA) supplemented with 10% fetal bovine serum (FBS; HyClone, Logan, UT), 10 mM Hepes (Mediatech, Inc., Manassas, VA), and antibiotics. RAW 264.7 and C166 cells were cultured in DMEM supplemented with 10% fetal clone III serum alternative (Hyclone), 10 mM Hepes (Mediatech, Inc.), and penicillinstreptomycin (PS; Mediatech, Inc.). HTR-8/SVneo cells were maintained in HyQ RPMI 1640-RS (Hyclone) media. Human monocytes were maintained in RPMI 1640 (Gibco) supplemented with 2 mM glutamine.
Primary Cells
All cells were maintained in a 378C humidified incubator with 10% CO 2 . Six-to eight-week-old C57BL/6 mice deficient in CD9 were bred from a CD9þ/À breeding pair obtained from Dr. Claude Boucheix (Hôpital Paul Brousse, Villejuif, France). Six-to eight-week-old BALB/c mice were obtained from The Jackson Laboratory (Bar Harbor, ME). Briefly, mice were injected i.p. with 3 ml of sterile 3% thioglycollate broth (BD Biosciences). Three days after i.p. injection, macrophages were obtained by peritoneal lavage. Cells were seeded at 1.5 3 10 6 per well in a 24-well plate (BD Biosciences). Twenty-four hours after seeding the cells, macrophages attached to wells and non-adherent cells were removed. Plating media (RPMI supplemented with 2% FBS and 0.53 PS) was replaced with treatment media (RPMI supplement with 2% delipidized FBS and 0.53 PS) prior to addition of protein or PBS control. All samples were collected in accordance with Uniformed Services University Institutional Animal Care and Use Committee-approved protocol.
Murine bone marrow-derived dendritic cells (BMDCs) were isolated and differentiated as previously described [23] . Human monocytes were isolated from the peripheral blood of healthy adult donors and purified as previously described in accordance with human subject protocols approved by the Internal Review Board of the National Institutes of Health [7] .
Plasmids and Cell Transfection
For cell transfection, HEK 293T or BHK-21 cells were seeded at a density of 4.5 3 10 6 in a 60-mm poly-L-lysine culture dish (BD Biosciences). After cells attached, culture media was removed and 20 ml of plating media was added to each plate. Plasmids were incubated with FuGENE 6 Transfection Reagent (Roche Diagnostics, Basel, Switzerland) as per manufacturer's instructions and added to the cells. Forty-eight hours posttransfection, cells were removed from the culture dishes using CellStripper (MediaTech, Inc.) and used for binding experiments. The green fluorescent protein (GFP) murine CD9 fusion cDNA was constructed as previously reported [19] .
Enzyme-Linked Immunosorbent Assays
For ELISAs cells were plated in triplicate wells for each treatment in 24-well plates and incubated in a 378C humidified incubator with 10% CO 2 . RAW 264.7 cells were seeded at a density of 1 3 10 6 cells per well, C166 cells were seeded at a density of 0.25 3 10 6 cells per well, HTR-8/SVneo cells were seeded at 0.4 3 10 6 cells per well, human monocytes were seeded at a density of 1.2 3 10 6 cells per well, and peritoneal macrophages were seeded at a density of 1.5 3 10 6 per well. Cells were incubated overnight and treated on the following day in 300 ll of fresh media for treatment times less than 6 h or 1 ml of fresh media for treatment times greater than 6 h. In some experiments, cells were treated with PSG23N1A protein after it had been boiled for 15 min, endotoxin-free BSA (Sigma), or control protein as negative controls.
After treatment, the supernatants were collected and centrifuged at 3000 rpm for 5 min to remove cell debris. For TGFB1 ELISA, supernatant or media alone was activated as per the manufacturer's instructions (R & D Systems). Murine VEGFA and placental growth factor (PlGF) and human VEGFA and VEGFC expression were measured by ELISA. Murine VEGFC ELISA was performed using a rat VEGFC ELISA kit (Bender MedSystems, Burlingame, CA), which cross-reacts with murine VEGFC. TNFA in the supernatants from both human and murine cells was determined using the BD OptEIA Mouse TNF (Mono/Mono) ELISA Set (BD Biosciences). All cells were treated in triplicate wells, and supernatants were analyzed as individual samples in each ELISA. At least three different protein preparations were tested, and experiments were repeated a minimum of three times.
Binding Experiments
For fluorescence-activated cell sorting (FACS) binding experiments, 1 3 10 6 cells in 100 ll were treated with Multiple Tag, which contains a Flag tag (GenScript Corporation) employed as control protein, or PSG23N1A for 1 h on ice. Cells were incubated with 0.5 lg of biotinylated anti-Flag antibody (Sigma) to detect protein binding, followed by incubation with 0.5 lg FITC-or PE-conjugated streptavidin. Excess protein and antibodies were removed by washing with FACS wash buffer (PBS supplemented with 3% FBS and 0.05% NaN 3 ). In the experiments indicated, a live/dead cell discriminate dye was used (LIVE/DEAD Fixable Dead Cell Stain Kit; Molecular Probes, Carlsbad, CA). Cells were fixed with Cytofix (BD Bioscences) and analyzed using the Coulter Epics XL Flow Cytometer (Beckman Coulter, Fullerton, CA). For flow cytometry analysis of peritoneal macrophages, cells were first blocked with anti-mouse CD16/CD32 (Fcc III/II receptor; BD Biosciences) antibody prior to incubation with the control or PSG23N1A proteins.
Statistical Analysis
SPSS (SPSS, Inc., Chicago, IL) and Microsoft EXCEL were used for data statistical analysis. The two-tailed Student t-test was used to determine statistical significance in experiments comparing protein treated versus untreated cells, with a P value of ,0.05 as a cut-off. One-way ANOVA was used to determine statistical significance of dose-response assays, with a P value of ,0.001 as a PSG23 INDUCES ANGIOGENIC FACTORS IN PREGNANCY cut-off. Quantitative RT-PCR results were analyzed using the 7500 System Sequence Detection Software version 1.2.3 (Applied Biosystems). FACS data were analyzed using WinList 6.0 (Verity Software House, Topsham, ME). All data is representative of at least three independent experiments.
RESULTS
Generation of Recombinant PSG23N1A
Previous studies indicate that the N1 domain of murine PSGs is sufficient for binding and activity in macrophages [5, 16, 17] . The CFG face in the murine PSG N1 domain includes the putative integrin-interacting RGD-like motif on a solventexposed loop, which has been postulated to have functional significance in rodent and human PSGs [24] . Supporting the importance of the N-domain for PSG function, McLenachan et al. [25] demonstrated that the vast majority of human PSG splice variants retain the N-domain and that there has been nonneutral evolution of the N-domain. We generated recombinant PSG23N1A protein that consists of the leader peptide, the N1 domain, and the constant C2-like Ig A domain, followed by 6X His and a C-terminal Flag tag. The 36-kDa recombinant protein was harvested from the supernatant of stably transfected CHO cells generated as described in Materials and Methods and was sequentially purified on a HisTrap and anti-Flag affinity column. These two purification steps rendered a glycoprotein that was approximately 90% pure based on Coomassie Blue staining (Fig. 1) .
Media harvested from non-PSG23 expressing CHO cells grown in a hollow fiber cartridge was passed through a HisTrap column, and the eluted material was used as an additional control after the protein concentration was determined by the BCA protein assay.
Recombinant PSG23N1A Binds to Macrophages and Dendritic Cells
Previously, it was demonstrated that murine PSGs elicit an anti-inflammatory cytokine response in monocytes and macrophages [5] [6] [7] [8] 17] and that the N1 domain of three different murine PSGs is sufficient for binding to target cells [7, 17] . We first tested the response of the murine macrophage cell line, RAW 264.7, to different concentrations of PSG23N1A, and RAW cells secreted TGFB1 in response to PSG23N1A starting at 5 lg/ml (Fig. 2A) . This response was observed as early as 4 h after treatment (data not shown). Although we could observe up-regulation of TGFB1 by ELISA in response to PSG23N1A treatment, there was no increase of Tgfb1 mRNA at 0.5, 1, 2, and 4 h (data not shown). Therefore, PSG23N1A, as previously observed for other murine PSGs [7] , did not up-regulate TGFB1 at the transcriptional level.
We also tested primary macrophages, obtained by peritoneal lavage of C57BL/6 and BALB/c mice and found that PSG23N1A induced TGFB1 in these cells at concentrations ranging from 5-20 lg/ml (Fig. 2B) , with a peak expression at 8 h after treatment.
Dendritic cells (DCs) have also been implicated in maintaining maternal immune tolerance to the developing fetus [26] because of their ability to influence the differentiation of T cells to a T helper type 2 (Th2) subset [27] and their cross-talk with the most abundant leukocyte population at the maternofetal interface, uterine natural killer (uNK) cells [28] . Therefore, we investigated whether DCs could respond to PSG treatment. We harvested BMDCs of C57BL/6 mice as previously described [23] , and after 7 days in culture we treated the cells with PSG23N1A at 15-30 lg/ml for 24 h. We found that PSG23N1A induces TGFB1 in BMDCs (Fig. 2C) .
In addition, we measured the production of pro-inflammatory cytokines in RAW cells in response to PSG23N1A treatment. PSG23N1A did not up-regulate TNFA, IL12A, IL23A, or IL6 mRNA in RAW cells as determined by quantitative real-time PCR (data not shown). Analysis of the supernatants using specific ELISAs for TNFA, IL12, and IL6 at 24 h post-PSG23N1A treatment demonstrated a lack of upregulation of these cytokines at the protein level.
PSG23N1A Induces VEGFA in Macrophages and Dendritic Cells
TGFB is a proangiogenic factor that plays an important role in the development of the fetoplacental capillary system during implantation [1] . TGFB secretion has been correlated to upregulation of VEGF family members [1, 29] , and both angiogenic factors are essential in pregnancy. Upon the observation that PSG23N1A treatment of macrophages and BMDCs induced TGFB1, we investigated the possibility that PSG23N1A might regulate VEGFA, which is expressed at the site of trophoblast invasion [2] .
RAW cells secreted VEGFA in response to PSG23N1A treatment in doses ranging from 10-30 lg/ml (Fig. 3A) after 24 h of treatment. Primary macrophages from BALB/c and C57BL/6 mice also secreted VEGFA after 4 h of PSG23N1A treatment and showed peak expression of VEGFA after 8 h of treatment (Fig. 3B) . As observed in macrophages, PSG23N1A treatment resulted in the up-regulation of VEGFA secretion in BMDCs isolated from C57BL/6 mice measured at 24 h (Fig.  3C) . 
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To test whether PSG23N1A induction of VEGFA in macrophages was TGFB dependent, we pretreated RAW cells with 20 lg/ml of neutralizing anti-TGFB or control antibody for 30 min prior to the addition of PSG23N1A. The anti-TGFB antibody, but not the antibody control, effectively inhibited PSG23N1A-induced VEGFA secretion (Fig. 3D) .
VEGFC is another VEGF family member important in pregnancy and is expressed by trophoblasts, endothelial cells, and uNK cells during pregnancy [30] . The factors that promote VEGFC secretion remain to be elucidated. We investigated whether PSG23N1A induced VEGFC in macrophages both at the mRNA and protein levels. We did not see Vegfc mRNA, measured by quantitative RT-PCR, or VEGFC protein, measured by ELISA, in RAW cells or peritoneal macrophages (data not shown).
The VEGF family member PlGF is expressed during and regulates differentiation of vascular endothelia. It is expressed by uNK cells of the mouse pregnant uterus and promotes uNK cell proliferation and differentiation [30] . PlGF has also been shown to be a chemotactic and survival factor for macrophages involved in tumor angiogenesis [31] ; therefore, we investigated whether PSG23N1A induced PlGF in macrophages. In our studies, however, PlGF was not induced in macrophages after PSG23N1A treatment (data not shown). The angiopoetins, ANG1 and ANG2, have been shown to synergize with VEGF family members during angiogenesis, and ANG2 production by macrophages was previously reported [32] . We measured Ang1 and Ang2 in peritoneal macrophages and RAW cells by quantitative RT-PCR at different times post PSG23N1A treatment and found that ANG1 was not expressed in these cells and ANG2, while expressed, was not induced by PSG23N1A treatment (data not shown). These results could not be verified at the protein level due to the lack of commercially available reagents to detect murine ANG1 and ANG2 proteins.
Identification of Endothelial Cells and Trophoblasts as Targets for PSG23N1A
Trophoblasts, endothelial cells, and monocytes/macrophages are all involved in the establishment and maintenance of the fetal blood supply during placentation. As PSG23N1A induced TGFB1 and VEGFA in macrophages, we hypothesized that PSGs could affect the functions of other cell types involved in the establishment of the fetoplacental blood supply. Therefore, we included in these studies an endothelial and a trophoblast cell line to determine if these cells responded to PSG23N1A treatment.
The murine endothelial cell line (C166) was derived from a mouse yolk sac and has a normal endothelial cell phenotype [33] . The C166 cells secreted TGFB1 in response to PSG23N1A in a dose-dependent manner (Fig. 4A) . Induction of TGFB1 in these cells was seen as early as 1 h after treatment (data not shown). VEGFA was also induced in C166 cells after 24 h of treatment in a dose-dependent manner (Fig. 4B) . As observed in macrophages, the secretion of VEGFA in C166 cells was dependent on TGFB1 induction (Fig. 4C) .
A murine trophoblast cell line responded to PSG23N1A treatment as shown by induction of TGFB1 and VEGFA (data not shown). These trophoblast cells were isolated from mouse placentae and shown to exhibit markers similar to those of labyrinthine trophoblast cells, such as cytokeratin intermediate filaments, transferring receptors, and alkaline phosphatase, but were not differentiated into spongiotrophoblasts [22] . Similar to our results using murine macrophages, PSG23N1A did not induce secretion of mRNA for Vegfc, Ang1, or Ang2 or the cytokines for VEGFC and PlGF, both measured by ELISA, in C166 cells or the murine trophoblast cells (data not shown).
PSG23N1A Shows Cross-Reactivity with Human Cells
Murine and human PSGs share a 60% homology in their Ndomains [24] , and previous studies showed that murine PSGs induce anti-inflammatory cytokine secretion in human monocytes [7] . We therefore tested the effects of PSG23N1A on human monocytes. Upon PSG23N1A treatment, human monocytes secrete TGFB1 and VEGFA (Fig. 5, A and B) . PSG23N1A did not induce VEGFC in human monocytes (data not shown).
The invasive trophoblast cell line, HTR-8/SVneo, has proved an important tool in understanding some of the mechanisms involved in trophoblast invasion and migration   FIG. 2 . PSG23N1A induces TGFB1 in macrophages and BMDCs. A) RAW 264.7 cells were treated with 5-20 lg/ml of PSG23N1A for 24 h. B) Peritoneal macrophages isolated from BALB/c or C57BL/6 mice were treated with PSG23N1A (PSG23) at 5-20 lg/ml of protein for 4 h. C) Following differentiation, BMDCs isolated from C57BL/6 mice were treated with 30 lg/ml of PSG23N1A for 24 h. TGFB1 in the supernatants was analyzed by ELISA. All cells were treated in triplicate, and data is representative of at least three independent experiments. For A and B, statistical significance between doses was determined by one-way ANOVA, and the P value between doses was ,0.001. For C, statistical significance between the protein-treated and untreated samples was determined by twotailed Student t-test, and * indicates P , 0.05. Error bars represent mean 6 SEM.
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during pregnancy [21] . We tested the effect of PSG23N1A treatment on secretion of proangiogenic factors by HTR-8/ SVneo cells. Cells were treated for 24 h with 10-30 lg/ml of PSG23N1A, and TGFB1, VEGFA, and VEGFC secretion in the supernatants was determined. We observed that PSG23N1A induced TGFB1 and VEGFA in HTR-8/SVneo cells (Fig. 5, C and D) in a dose-dependent manner, but that VEGFC was not up-regulated in these cells (data not shown).
PSG23 Activity Does Not Depend on CD9
Murine PSGs share a 59%-70% homology [9] . Previously, murine PSG17 was shown to induce TGFB1, IL-10, and IL-6 secretion in both murine macrophages and human monocytes [5, 7] . We also determined that PSG17 elicits an antiinflammatory cytokine response in these cells through binding to its receptor CD9 [5] , a member of the tetraspanin superfamily. The binding of PSG17 to murine CD9 was FIG. 3 . PSG23N1A induces VEGFA in macrophages and BMDCs. A) RAW 264.7 cells were treated with 10-30 lg/ml PSG23N1A protein for 24 h. Statistical significance between doses was determined by one-way ANOVA, and the P value between doses was ,0.001. B) Peritoneal macrophages isolated from BALB/c mice were treated with 20 lg/ml of PSG23N1A in a time-course study. C) Following differentiation, BMDCs isolated from C57BL/6 mice were treated with 20 lg/ml of PSG23N1A for 24 h. D) RAW 264.7 cells were pretreated with 20 lg/ml control antibody or neutralizing anti-TGFB1 antibody. After 30 min of incubation with antibodies, cells were treated with 20 lg/ml PSG23N1A in the indicated wells and incubated for 24 h. VEGFA in the supernatants was analyzed by ELISA. All cells were treated in triplicate, and data is representative of at least three independent experiments. For B and C, statistical significance between the protein-treated and untreated samples was determined by two-tailed Student t-test, and * indicates P , 0.05. For D statistical significance between protein-treated or antibody-treated samples versus the untreated samples was determined by two-tailed Student t-test, and * indicates P , 0.05. Error bars represent mean 6 SEM.
FIG. 4. PSG23N1A induces TGFB1 and VEGFA in murine endothelial cells. A, B)
C166 cells were treated with PSG23N1A at concentrations of 10-30 lg/ml for 24 h. Statistical significance between doses was determined by one-way ANOVA; the P value between doses was ,0.001. C) C166 cells were pretreated with 20 lg/ml of control antibody or neutralizing anti-TGFB1 antibody. Following 30-min incubation with the antibodies, 20 lg/ml of PSG23N1A was added to the indicated wells for 24 h. For C statistical significance between proteintreated or antibody-treated samples versus the untreated samples was determined by two-tailed Student t-test, and * indicates P , 0.05. TGFB1 and VEGFA in the supernatants were analyzed by ELISA. All cells were treated in triplicate, and data is representative of at least three independent experiments. Error bars represent mean 6 SEM.
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determined by panning, ELISA, and FACS and in functional assays with CD9-deficient mice [17] . Because PSG23 also targets monocytes/macrophages, we sought to determine whether PSG23 also utilizes CD9 as its receptor.
We transfected BHK-21 cells with a plasmid encoding the murine CD9 cDNA or control plasmid. By FACS, we did not observe any differences in PSG23N1A binding to the CD9-expressing cells over the control-transfected cells (data not shown). In an ELISA binding assay, we incubated HEK 293T cells transfected with a murine CD9-GFP fusion or a GFP onlyexpressing plasmid with PSG23N1A or PSG17. We did not observe binding of PSG23N1A to the CD9-transfected cells over the control-transfected cells, whereas PSG17 bound preferentially to the CD9-transfected cells as previously reported [17] (data not shown). After panning murine CD9-transfected HEK 293T cells on PSG23N1A-coated or uncoated plates, we also did not see a difference in binding to the PSG23N1A-coated plates by the cells overexpressing CD9 (data not shown). In addition, PSG23N1A bound to the same degree to peritoneal macrophages isolated from wild-type and CD9 deficient mice, as determined by FACS (Fig. 6A) .
In functional assays, peritoneal macrophages isolated from wild-type and CD9-null mice were treated with PSG23N1A. Cells from wild-type and CD9-deficient mice responded to PSG23N1A by secreting TGFB1 after 24 h of treatment (Fig.  6B) . The primary macrophages from both mice also secreted VEGFA in response to PSG23N1A treatment after 4 h of treatment (data not shown). In conclusion, both binding and functional assays showed that PSG23 does not depend on the presence of CD9 to bind to macrophages or to elicit a response.
DISCUSSION
PSGs are among the most abundant proteins in the maternal serum, yet their function during pregnancy is still being explored [3] . Previously, the role of PSGs centered on their functions as immunoregulators during pregnancy [6] . Treatment of monocytes/macrophages with recombinant human and murine PSGs leads to induction of anti-inflammatory cyto-FIG. 5. PSG23N1A induces TGFB1 and VEGFA in human monocytes and trophoblast cells. A, B) Human monocytes were treated with 30 lg/ml PSG23N1A for 24 h. Statistical significance between proteintreated and untreated samples was determined by two-tailed Student t-test, and * indicates P , 0.05. C, D) HTR-8/SVneo cells were treated with PSG23N1A in concentrations of 10-30 lg/ml for 24 h. Statistical significance between doses was determined by one-way ANOVA, and the P value between doses was ,0.001. TGFB1 and VEGFA in the supernatants were analyzed by ELISA. All cells were treated in triplicate, and data is representative of at least three independent experiments. Error bars represent mean 6 SEM.
FIG. 6. PSG23N1A binding and activity is not CD9 dependent. A) Peritoneal macrophages from wild-type (WT) and CD9-null (CD9KO) mice were incubated with 5 lg of PSG23N1A or Multiple Tag control protein, followed by subsequent incubation with biotinylated anti-Flag antibody, and stained with FITC-conjugated streptavidin and a live/dead cell discriminator. Cells were fixed and samples processed with the BD LSRII cell analyzer. Data was analyzed using WinList 3.0 software. B) PSG23N1A induced TGFB1 secretion in wild-type and CD9-null peritoneal macrophages after 24 h of treatment as measured by ELISA. Cells were treated in triplicate, and data is representative of three independent experiments. Statistical significance between protein-treated and untreated samples was determined by two-tailed Student t-test, and * indicates P , 0.05. Error bars represent mean 6 SEM. ctrl., Control.
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kines, including IL10 and TGFB1, while there is no induction of pro-inflammatory cytokines [7] . In addition, human PSG1 was shown to induce alternative activation of monocytes and to enhance Th2-type immune responses [6] . Other CEA family members that, unlike PSGs, are membrane-bound have been shown to be involved in angiogenesis and immunoregulation [34] . For example, CEACAM1 has angiogenic properties [35, 36] and inhibits activated decidual lymphocytes [37] , and CEACAM6, expressed on placental trophoblast, has been shown to activate a distinct subset of regulatory CD8þ T cells [34] .
Recent studies have identified PSG expression at a unique site in nonpregnant mice. Kawano et al. [38] reported expression of murine PSG18 in the follicle-associated epithelium of the Peyer's patches and suggested a role for this murine PSG in the interplay between epithelial cells and immune cells in mucosa-associated lymphoid tissue.
The important players in placentation include macrophages [11] , DCs [26] , uNK cells [30] , endothelial cells, and trophoblasts [39] . Previous work with murine and human PSGs identified monocytes/macrophages as the target cells for protein binding and activity [5, 17] . As previously observed for other human and murine PSGs [5, 7, 8] , we found that macrophages up-regulate TGFB1 secretion in response to PSG23 in a dose-dependent manner. In addition, treatment of BMDCs with PSG23 resulted in up-regulation of TGFB1. TGFB1 has multiple roles during pregnancy, including regulation of extravillous trophoblast migration and proliferation [40] and regulation of NK cell function [41, 42] . TGFB1 and VEGFA have additive effects on vasodilation [1] and have been implicated in immunosuppression [43, 44] . Based on the observation that TGFB1 activated macrophages to express VEGF [29] , we explored the possible induction of angiogenic factors in response to PSG23 treatment. VEGFA, but not VEGFC, PlGF, Ang-1, or Ang-2, was strongly induced in macrophages and BMDCs upon PSG23 treatment. The induction of VEGFA was found to be TGFB1 dependent.
Our results indicated that PSG23 does not induce TGFB1 at the transcriptional level, which is in agreement with our previous observations [7] . At the posttranscriptional level TGFB is synthesized as an inactive precursor complex comprised of the active TGFB protein bound to a propeptide latency-associated protein [45] . It is possible that PSGs activate effector molecules, such as enzymes, which cleave the inactive precursor and release active TGFB in target cell types [46] . The mechanisms involved in PSG up-regulation of TGFB1 warrant further investigation.
To extend our hypothesis that PSG23 is involved in angiogenesis, we investigated the effect of PSG23 on additional cell types involved in this process. PSG23 treatment of a murine endothelial cell line led to induction of both TGFB1 and VEGFA, and the induction of VEGFA was TGFBdependent. In a murine trophoblast cell line, we saw that PSG23 treatment induced both TGFB1 and VEGFA. Similar to our results in murine macrophages, treatment with PSG23 did not result in up-regulation of other proangiogenic factors commonly associated with pregnancy. Further studies could elucidate whether PSGs have an effect on uNK cells, which are the most abundant leukocytes in pregnancy [30] and are involved in angiogenesis and trophoblast chemoattraction [47] .
We previously reported cross-reactivity between human cells and murine PSGs [5] ; hence, we treated human monocytes and a human trophoblast cell line with PSG23. In the two cell types, PSG23 induced TGFB1 and VEGFA. Induction of proangiogenic factors in human cells with the mouse protein suggests that human PSGs may also play a role in placentation, although this has yet to be explored. Interestingly, a significant reduction in PSGs (SP1) was reported in women with subsequent preeclampsia or growthretarded fetuses in the early second trimester of pregnancy [48] .
Previously, we demonstrated that PSG17, another member of the murine PSG family, induces TGFB1 in RAW 264.7 cells [5] . Upon our observation of PSG23 induction of VEGFA in murine macrophages, we treated RAW cells with PSG17 and found that PSG17 also up-regulates VEGFA secretion (data not shown). Future experiments will be necessary to determine if PSG17 has an effect on endothelial cells and trophoblasts.
VEGFA is the most abundantly expressed VEGF family member during pregnancy and one of the key growth factors in angiogenesis [49] . VEGFA binds to VEGF receptor-1 (VEGFR-1) and VEGFR-2 to induce the growth of new vessels [49] . Macrophages, endothelial cells, and trophoblasts secrete and express receptors for VEGFA, thereby allowing for autocrine and paracrine activity of VEGFA during angiogenesis [2, 29, 50] . Future studies will be necessary to determine whether PSG23 affects the expression of VEGF receptors.
We examined whether PSG23 binds to CD9, the PSG17 receptor. We could not demonstrate binding of PSG23 to CD9 by ELISA and FACS analysis. While we cannot conclusively rule out the possibility that PSG23 binds to CD9, this interaction, if it happens, may be of low affinity. Importantly, expression of CD9 in peritoneal macrophages was not required for induction of TGFB1 and VEGF. Therefore, we conclude that CD9 is not essential for PSG23 function. Tetraspanins are often organized together in a tetraspanin web on the cell surface, and many tetraspanin family members are expressed in the cell types shown to respond to PSG23 in this report [18] . Therefore, the possibility that PSG23 may use another tetraspanin family member as its receptor should be explored.
Our findings indicate that PSGs, besides their immunoregulatory role, may be important in the processes of vasculogenesis and angiogenesis required for the establishment and maintenance of the fetoplacental blood supply. We are currently investigating whether other murine PSGs or human PSGs share the ability with PSG23 to induce proangiogenic factors.
